ABSTRACT
INTRODUCTION
The patients' desire for all-ceramic restorations has increased because of their esthetic performance, biocompatibility, and improved mechanical properties. Likewise, high-strength aluminum oxide ceramics have been widely used because of their inherent chemical stability, physical, and mechanical characteristics. 1 Appropriate selection and application of luting agents for permanent cementation of all-ceramic restorations are crucial factors for their clinical success. Bonding of ceramic to dental tissue depends on the adhesion of luting cement to the ceramic and enamel and/or dentin. Longterm stable ceramic-resin bonds rely on chemical bonds and micromechanical interlocking at the resin-ceramic interface. 2 In order to enhance the bond strength of luting cement to the ceramic surface, different surface treatments on In addition to this mechanically retentive surface, the use of silane-coupling agent provides a chemical interaction, which is attributed to its bifunctional characteristic. A high proportion of porcelain allows reaction of the silane agent, both to the crystal portion of the treated porcelain and to the organic portion of the luting agent. [8] [9] [10] Previous studies have revealed that most clinical failures would initiate from the cementation or internal surfaces. [11] [12] [13] Therefore, the integrity of the luting cement to ceramic surfaces plays a significant role in the longevity of the restorations; the failures originating from cementation surfaces identified the necessity for a consistent conditioning method to strengthen this critical area. The effect of different surface treatments on the bond strength to Turkom-Cera, a high-strength aluminum oxide ceramic material, has not been studied. Therefore, the objectives of this in vitro study are:
• To compare the effect of various surface treatments on the shear bond strength (SBS) of Turkom-Cera when luted with resin-based cement.
• To investigate the association between SBS and modes of failure.
MATERIALS AND METHODS

Materials Used
Forty Turkom-Cera (Turkom-Ceramic (M) Sdn. Bhd., Puchong, Malaysia) ceramic disks (10 mm in diameter and 3 mm thick) were prepared and used in this study. A resin luting cement Panavia-F (Kuraray Medical Inc., Okayama, Japan) was used.
Methods
Preparation of the Specimen before Surface Treatment and Bonding
Perspex split mold with five circular openings of 10 mm diameter and 3 mm thickness was used for the preparation of the Turkom-Cera disk specimens. A total of 40 Turkom-Cera ceramic disks with 10 mm diameter and 3 mm thickness were prepared according to manufacturer's instructions. To ensure accurate SBS testing of the ceramic-cement interface, each specimen was embedded in a die stone (Densite, Shufo, Kyoto, Japan) using plastic mold 30 mm in diameter and 30 mm high. The bonding surface of the specimens was at the same level of the embedding medium to form one flat surface.
After hardening for 24 hours at room temperature, the bonding surface of the specimens were sanded with a series of silicon carbide (SiC) abrasive papers in sequence (No. 400, 600, 800 and 1000 grit, Buehler) using a water-irrigated lapping machine (Metaserv ® 2000, Buehler, UK) until the ceramic disk was perfectly flushed with the mounting mold and a flat surface was attained.
All specimens were rinsed under running water and dried before further treatment. The ground bonding surface was examined under microscope (Zoom Stereo EMZ-1, MEIJI Techno Co., Ltd., Saitama, Japan) at 30× magnification to ensure that no abrasive particles were left on the surface.
Surface Treatments and Sample Distribution
The following surface treatments have been applied:
• Polishing with silicone carbide paper up to 1000 grit (control).
• Polishing with silicone carbide paper up to 1000 grit + sandblasting.
• Polishing with silicone carbide paper up to 1000 grit + silane.
• Polishing with silicone carbide paper up to 1000 grit + sandblasting + silane. According to surface treatments and the resin luting cement Panavia-F used, four different groups were evaluated. Group 1: Control + resin cement Group 2: Sandblasting + resin cement Group 3: Silane + resin cement Group 4: Sandblasting + silane + resin cement.
Bonding Procedure
The samples were mounted and secured on the shear bond test apparatus recommended by ISO, 14 in order to bond a uniform amount of cement onto the bonding surface of Turkom-Cera disk. The alignment apparatus consists of a holder for the specimen, a cylindrical split brass mold resulting in samples with a clear bond area of 3 mm diameter and 3 mm height, a silicone pad, and an added load of 1 kg (Fig. 1 ).
The resin cement was mixed as per manufacturer's recommendations. The paste was used within 3 minutes after mixing. The silane coupling agent used was a mixture of Clearfil SE Bond Primer and Clearfil Porcelain Bond Activator.
Sandblasting was performed with 50-μm aluminum oxide (Al 2 O 3 ) particles at an air pressure of 2.5 bars for 13 seconds from a distance of 10 mm. The disks were then steam cleaned and air dried.
The brass split mold was carefully adapted to the bonding surface by raising the mounted specimen using the screw at the bottom of the mounted specimen. The split mold together with the mounted specimen was then quickly secured onto the bonding apparatus and tightly screwed. The cements were placed, using a plastic instrument, into the 3 mm diameter hole in the brass split mold. A sharp blade was used to remove the excess cement before setting from the top of the brass split mold. A layer of Oxyguard II (oxygen-blocking gel) was then applied.
Specimens were allowed to set under a constant load of 1 kg for 15 minutes using a polyvinylsiloxane (Express putty, 3M ESPE, St Paul, MN, USA) putty mold that was placed over the brass split mold and held in place by the weight. The 1 kg load was removed and the samples were allowed to set at room temperature for an additional 30 minutes.
The samples were carefully removed from the apparatus and the brass split mold was separated using a sharp blade. Then, the specimens were stored in distilled water at 37°C for 24 hours before testing.
Testing Procedure
The bonded specimens were mounted in an ISO 14 shear test jig and tested using a universal testing machine (Instron, Instron Corp., UK). The shear test jig consists of a solid block for holding the specimen and a vertical shearing blade with a 0.5-mm blunt edge. The 0.5-mm knife-edge shearing blade was mounted on the crosshead of the Instron testing machine and applied a shearing load to the adhesive interface at a crosshead speed of 1 mm/min. The knife-edge shearing blade was placed at a distance of approximately 0.5 mm above the bonded specimen at their adhesive interface (Fig. 2) .
The maximum load at failure was recorded in Newton, and the SBS of the specimens was calculated and expressed in MPa by dividing the force (N) at which the bond failure occurred by the bonding area (mm 2 ).
Assessment of Mode of Failure
The bonded surfaces were observed under a microscope (Zoom Stereo EMZ-1, MEIJI Techno Co., Ltd., Saitama, Japan) at 30× magnification to evaluate adhesive and cohesive failure modes. The failure modes were categorized as follows:
• Adhesive failure at the ceramic-cement interface.
• Cohesive failure within the cement or ceramic.
• Mixed failure: Combination of adhesive and cohesive failures.
Statistical Analysis
Descriptive statistics of SBS were performed. To compare SBS between the four groups, one-way analysis of variance (ANOVA) was conducted. A post hoc test using Tukey's honestly significant difference (HSD) test was performed to test which pair of groups differ from each other significantly.
Regarding the association between SBS and modes of failure, descriptive statistics for modes of failure and SBS was recorded and the result was descriptively analyzed. The Statistical Package for the Social Sciences (SPSS, SPSS Inc., Chicago, IL) software package was used to perform the statistical analysis. Statistical significance was set at α = 0.05.
RESULTS
The mean SBS and standard deviation for all groups are given in Graph 1.
According to one-way ANOVA, there was a significant difference in SBS between the four groups (p < 0.001). 
JCDP
Multiple comparisons using Tukey's HSD post hoc test was used to determine the pair of means that differ significantly (Table 1) . Based on Tukey's HSD test, the control group (10.8 ± 1.5 MPa) showed significantly lower mean SBS than the other three groups (p < 0.001). There was no significant difference between the mean SBS of the other three groups, sandblasting (16.4 ± 3.4 MPa), silane (16.2 ± 2.5 MPa), and sandblasting + silane (19.1 ± 2.4 MPa) (p > 0.05).
TESTING MODE OF FAILURE
A cross-tabulation between treatment groups and modes of failure was obtained. It was clear that the modes of failure were 100% adhesive in the control group. The sandblasting and silane groups showed 70% adhesive mode for each. While in the sandblasting + silane group, the modes of failure were only 50% adhesive. Descriptive summary for modes of failure and SBS was recorded. The SBS for the mixed mode of failure (19.72-21.32 MPa) was higher compared to that of the adhesive mode (10.83-16.93 MPa).
DISCUSSION
In the present study, shear bond test was used to evaluate the effect of different surface treatments on the bond strength of resin cement to Turkom-Cera.
It has been shown that removal of the limited amount of glassy matrix present in glass-infiltrated alumina ceramic materials by etching did not result in a significant amount of microscopic retentive features. 15 Sandblasting, using aluminum oxide particles, is an alternative method for creation of micromechanical retention. This technique was utilized in the present study for being a commonly method employed to increase roughness of high-strength ceramic materials. 3, 4, [15] [16] [17] Surface roughening methods improve surface energy and, therefore, its wettability. 18 Mechanical interlocking of the cements to roughened ceramic specimens will enhance bond strength values. The present study demonstrated that roughening of the Turkom-Cera surface increased the adhesion of resin cement. The data clearly showed that sandblasting the surface with alumina particles was effective surface treatment for producing high bond strength. The bond strength values differed significantly between the control group (10.8 ± 15 MPa) and the sandblasted group (16.4 ± 3.4 MPa). These results agree with the findings of previous studies which have found a strong and durable bond between Panavia resin luting cement and air particle-abraded high-alumina.
4,15,19,20
The mechanical retention provided by surface treatment is of greater importance for appropriate adhesion. However, the association with a chemical procedure (silanization) is required for better results.
19,21-24 Thus, a silane coupling agent was also used in the present study for the same reason. Silane coupling agents provide covalent chemical bonds between silica/ceramic surfaces and bonding agent/resin cements as well as a rewetting effect on the roughened ceramic surface. The exact role of rewetting effects, micromechanical interlocking, and chemical interaction of silane coupling and bonding agents on the resin bond to high-alumina ceramic surfaces is still unclear. 3, 25 In this study, the surface treatment by silane coupling agent improved the SBS of Panavia-F to polished ceramic surfaces. The group treated with silane coupling agent (16.2 ± 2.5 MPa) showed significantly greater SBS than the non-silanated group (control) (10.8 ± 1.5 MPa). These results do not correspond with those of previous studies which showed that resin cement performed better without silane coupling agent. 3, 4, 25 On the other hand, these results correspond to the results of other works which found that the use of the recommended silane coupling agent with Panavia resulted in significantly higher bond strength values before and after long-term storage and thermocycling. 23, 26 Graph 1: Mean SBS (MPa) of the four treatment groups In this study, the specimens were silanated with a mixture of Clearfil Porcelain Bond Activator, which contained 3-methacryloxypropyl trimethoxysilane (gamma-MPTS), and Clearfil SE Bond Primer, which contained acidic phosphate ester monomer 10-methacryloyloxydecyl dihydrogen phosphate (MDP) that promotes the catalysis of silane reaction. In addition, the phosphate ester group of the adhesive monomer MDP bonds chemically to metal oxides, such as aluminum oxides. 4, 25, 27 The exact bonding mechanisms and the role of these monomers when bonding to oxide-based ceramics are still unknown. 25 However, the high bond strength may be due to the ceramic oxide and ester bond and the mechanical properties of Panavia-F cement. 28 It has been found that the presence of the glassy phase in ceramics facilitates better siloxane bonds. 6 The silanol groups then further react to form a siloxane network with the silica on the surface. Turkom-Cera ceramic system tested in this study is based on glass infiltration technique. Most probably, the glass infiltration facilitated better silane bonding, and therefore, superior bond strength values were obtained for these ceramics.
In the current study, a mean SBS value up to 19.1 ± 2.4 MPa was achieved with Panavia-F resin cement on the sandblasted and silanated Turkom-Cera specimens. For specimens silanated with Clearfil silane (16.2 ± 2.5 MPa) or sandblasted with 50-μm Al 2 O 3 particles (16.4 ± 3.4 MPa), the result was lower, but not significantly different. This finding confirmed that Panavia-F cement in combination with silane or sandblasting is suitable for bonding TurkomCera material, and stressed the importance of the selection of appropriate surface treatments for optimal bonding.
After different surface treatments to Turkom-Cera specimens, fracture analysis regarding adhesive, cohesive, or complex failures has been done. For the control group, the resin cement Panavia-F showed completely adhesive failure for all specimens. Complex adhesive and cohesive failures were also seen in this study. When Turkom-Cera was treated with Clearfil silane or abraded with 50-μm Al 2 O 3 particles, Panavia-F has shown complex adhesive and cohesive failures in 30% of specimens in each group. This increased to 50% when Panavia-F cement was used with sandblasted and silanated Turkom-Cera specimens.
Particularly interesting was the fact that all complex failures were seen in the specimens that exhibited high bond strengths of more than 18 MPa. It seems that the bond strength values may be accountable for the modes of failure at the bonded interface.
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CONCLUSION
• Within the limitations of this in vitro study, it was found that when using Panavia-F resin cement and Clearfil silane, sandblasted Turkom-Cera specimens produced the highest mean SBS values. Almost similar SBS values were obtained for Turkom-Cera specimens when sandblasted with 50-μm Al 2 O 3 or silanated with Clearfil silane. Therefore, these three surface treatments appeared to be the methods of choice for the cementation of Turkom-Cera restorations.
• In this study, all complex failure modes were seen in the specimens that exhibited high bond strengths of more than 18 MPa. Therefore, it can be concluded that higher bond strength values increase complex (adhesive and cohesive) failure modes.
